Propagation of photon signals in biological systems, such as neurons, accompanies the production of biophotons. The role of biophotons in a cell deserves special attention because it can be applied to diverse optical systems. OBJECTIVE: This work has been aimed to investigate the time behavior of biophoton signals emitted from living systems in detail, by introducing a Hamiltonian that describes the process. The ratio of the energy loss during signal dissipation will also be investigated. METHOD: To see the adiabatic properties of the biophoton signal, we introduced an adiabatic invariant of the system according to the method of its basic formulation. RESULTS: The energy of the released biophoton dissipates over time in a somewhat intricate way when t is small. However, after a sufficient long time, it dissipates in proportion (1 + λ0t) 2 to where λ0 is a constant that is relevant to the degree of dissipation. We have confirmed that the energy of the biophoton signal oscillates in a particular way while it dissipates. CONCLUSION: This research clarifies the characteristics of radiation fields associated with biophotons on the basis of Hamiltonian dynamics which describes phenomenological aspects of biophotons signals.
Introduction
The appearance of interactions between diverse atoms and molecules is affected by radiation fields generated from various sources. Theoretical properties of radiation fields have been extensively investigated during the last several decades due to their importance in a wide range of optical systems and S578
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photonic science [1] [2] [3] [4] [5] . Technological applications associated with this cover laser engineering, optical displays in electronics, optical resources of quantum computation, biological sensors, and medical therapy/diagnoses. For instance, photon creations and their interference in a waveguide device have been investigated for the purpose of implementing qubits in quantum computing systems [6, 7] .
A useful feature of radiation fields can be acknowledged from biophoton signals that are emitted from the cells of all living things. Biophoton signals are good examples of peculiar radiation fields [8] [9] [10] [11] . These were firstly discovered by embryologist Gurwitsch in the early days of the twentieth century [12] . Typically, the intensity of the emitted biophoton signals is about 10 2 -10 3 photons/(cm 2 s) [13, 14] , which is extremely weak, while they have a broad spectrum of wavelengths ranging from 200 to 800 nm. Biophotons are a kind of dynamic coherent light which promotes chemical reactions in living cells.
Biophoton signals can be possibly applied in many ways to biomedical optics, such as cancer diagnoses [15] , cell growth and differentiation analysis [16] , the study of neural activity of the brain [17] , and hepatoma cell research [18] . The research of biophotons can also be applied to a wide range of other industrial purposes beyond medical optics. Some of such applicable fields are bio-communication [19] , quantum bio-computing [20] , food quality testing [21] , water pollution checks [21] , and the manufacturing of cosmetics [21] .
Biophotons play an important role for cellular processes. Signal propagation in the neurons of a brain or other organs may occur in the form of biophoton signals generated in them [19, [22] [23] [24] , as well as of electrical and chemical signals. However, the mechanism for the exchange of photons by neurons as a step of neural communication has not yet been fully clarified and understood. Jaffe confirmed the transmission of luminescent signal up to 10 mm distance from some intertidal marine plants to Fucus zygotes, from experiments for the influence of luminescence of neighboring plants on the polarization of the direction of outgrowth for the Fucus eggs [25] . If we extend this consequence on the phenomena of intercellular level, it may be possible to conjecture the role of biophotonic activities on neural functions such as cell-to-cell communication [22] . As a possible mechanism of neural communications, Sun et al. [23] proposed a protein-protein biophoton interaction model and Craddock et al. [24] proposed a mechanism of neuronal signaling based on coherent neural oscillations. An open question in this context is how a cell distinguishes photons incoming from the neighboring cells from those originated from the environments.
The research for biophotonic quantum information transfer from sensory organs such as retina to the cerebrum may open up new perspectives to the development of photonic quantum information science in the future. Penrose and Hameroff proposed that microtubules in biological systems play the role of quantum computers that process quantum information by utilizing evanescent biophotons [26] [27] [28] [29] . On the basis of the Brassard's teleportation theory [30] , Hosna valian et al. [31] executed a simulation for neurophotonic quantum computation under the assumption that the signals in neurons of the brain can be made of biophotons as well as of electrical signals. Many unanswered questions concerning biological quantum computations have been remained until now, accompanying controversies over related mechanisms such as quantal processes of information in neuronal networks and the neural encoding for biophoton signals in brain. If quantum bio-computing technology that mimics such possible neurophotonic computation in human brain would be developed in the future, it may greatly contribute for realizing to build commercial quantum computers that have far more superior abilities in some specific tasks compared to conventional silicon-based computing.
It is known that the intensity of real biophotons inside cells and neurons is considerably higher than that which would be expected by measuring an ultraweak bioluminescence [17, 32, 33] . The real intensity of the biophotons within an organ is estimated to be up to two orders of magnitude higher than the intensity of the measured bioluminescence [34, 35] . The positioning of relative locations of different nucleic acids both within and between cells can be executed out using entangled biophotons, providing the potential resources for quantum coherence in a biological system, needed as a basic mechanism for quantum bio-computing [20] .
In fact, biophoton science has vast domains yet to be explored and the frontiers of its possible applications are still being discovered. Interestingly, biophoton signals exhibit a characteristic of nonexponential decay. Popp and Li [11] proposed a frequency stable damped harmonic oscillator model for the description of a stimulated emission of such biophoton signals. The purpose of this work is to investigate the time behavior of a biophoton signal. Starting from the Hamiltonian that describes the biophoton system, the characteristics of biophoton energy will be investigated in detail.
Analysis of a biophoton signal
Recently, the theoretical investigation of photon energy for a non-stationary radiation has been carried out by many researchers. Still the mechanism for the emission of biophotons from living cells is not exactly understood. The latest thinking is that photons are released as a result of various molecular processes relevant to energy-carrying excitons on the surface of cells. In the semiclassical framework, it was regarded that photon signals were produced through probabilistic transitions of the organic structure which emits biophoton energy, from a higher state to a lower one. However, from detailed observations concerning the energy of biophoton signals that reveal a characteristic of non-exponential decay, it is necessary to seek some alternative formulations of the mechanism instead of that based on the semiclassical framework [9] .
According to the relaxation behavior of the signal, many different formulae of the Hamiltonian for describing radiation fields are allowed [36] . Among various kinds of relaxation behaviors, the one that corresponds to a frequency stable damped harmonic oscillator may be the most typically known one. If we denote the quadrature of the photon field as q and its conjugate canonical variable as p in this case, the Hamiltonian for describing a stimulated emission of the biophoton signal from a living system is given by [9] 
where ε 0 is the permittivity of the medium, λ 0 is a constant that is responsible for the decay of the signal, and ω 0 is the natural frequency. If we think that Eq. (1) is dependent on time, the system is non-stationary and classified as a kind of time-dependent Hamiltonian system (TDHS). Our research for biophoton signals in this work will be confined within the classical point of view, while the same research from the quantum point of view will appear later in a separate paper. From fundamental dynamics using the Hamiltonian, we can confirm that the equation of motion for q can be written as
Here, 2λ 0 /(1 + λ 0 t) acts like a damping factor of the signal. Due to the existence of the damping factor, the biophoton signal dissipates over time. It is interesting that the damping factor depends on time in a way that it decreases as time goes by. The solution of Eq. (2) can be represented in the form
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We see from this equation that the amplitude of the signal decreases over time. However, the frequency of oscillation is always the same as the natural frequency. This is the reason why the system is called a frequency stable damped harmonic oscillator. Recall that the frequency of an ordinary damped harmonic oscillator is different from the natural frequency of the system [4] .
The techniques of biophoton detection from outside the cells are in general carried out through the measurement of the radiation intensity which is the radiation energy passing through a unit area per unit time [37] . The energy of a TDHS is not always the same as the Hamiltonian of the system [38, 39] . For the TDHSs, the role of the Hamiltonian is limited to that of producing the classical equation of motion of the system, and in some situations, it has nothing to do with the energy of the system. In this case, the energy of the biophoton signal is given by [4] (see Appendix)
By inserting Eq. (1) into the above equation, we have
Using p = ε 0 (1 + λ 0 t) 2 dq/dt, the formula of the energy can be recast as
Now using Eq. (3) and its time derivative, we easily show that
Though this is a somewhat complicated form, it is not difficult to extract the leading behavior of the energy from this. For a particular case that t is sufficiently large, this equation becomes
Thus, for a sufficiently large t, the energy dissipates in a way that it is proportional to the inverse of
Let us take the time average of Eq. (7). If we suppose that λ 0 is small, all time-dependent functions in Eq. (7) vary relatively slowly except for sine and cosine functions. For this reason, we only consider the variance of the sine and cosine functions and other variances involving (1 + λ 0 t) will be ignored. Then, the time average of Eq. (7) is easily evaluated to be
The first term in the above equation dissipates rapidly and the second term survives in the long run, leading to the same result as that of Eq. (8).
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The time evolution of energy of the biophoton signal can also be estimated from another way that is based on the adiabatic invariant method. When some parameters of a slowly varying dynamical system undergo adiabatic change, a physical quantity that nearly does not vary with time is called an adiabatic invariant. The introduction of an adiabatic invariant is useful for investigating characteristics of timedependence of nonstationary Hamiltonian systems [40, 41] . The adiabatic invariant I(t) of the system can be obtained from the integration
To evaluate this quantity, let us consider the elliptic equation in phase space, which is obtained from Eq. (5) in the form
where A p and A q are two exes that are given by
andŪ is the energy of the photon signal which is in fact the same as U in Eq. (5). Here, we inserted an upper bar in the expression ofŪ in order to distinguish this energy based on the adiabatic invariant from the energy that was previously obtained from the ordinary way. From the phase orbit of the system, which is elliptic, we can derive the adiabatic invariant in the form
According to the fundamental properties of adiabatic invariants, it is possible to put [41] I(t) = I(0).
The substitution of Eq. (14) into this identity yields
As you can see, the time behavior of the energy expressed in this form is the same as that in Eq. (8) .
From a simplistic comparison of Eq. (16) with Eq. (8), we confirm thatŪ (0) = ε 0 ω 2 0 q 2 0 /2. Although Eq. (16) is somewhat rough while the energy expression given in Eq. (7) is exact, the leading behavior of the energy dissipation can be obtained from Eq. (16) . The graphical comparison of the time behavior of differently formulated energies given in Eqs (7) and (16) is shown in Fig. 1 . From this figure, we see that the exact energy [Eq. (7)] not only decreases but also fluctuates as time goes by. The Hamiltonian of the system also oscillates, but its envelope does not decrease over time. We can estimate the ratio of the decrease of any physical quantity from its time derivative. The time derivative of the Hamiltonian and energies are given by
From Fig. 2 which is the illustration of these equations, more detailed analyses of energy loss are possible. The exact energy U dissipates rapidly near the vicinity of center where q = 0 and the energy does not dissipate at the turning point in the oscillation. On the other hand,Ū dissipates in a monotonic way. The Hamiltonian becomes large and small in turn and this fluctuation gradually declines as time passes.
Conclusion
The energy of a biophoton system is obtained from Hamiltonian dynamics relevant to the corresponding biophoton signal. The energy is different from the Hamiltonian of the system because the Hamiltonian is explicitly dependent on time. Both the energy and Hamiltonian oscillate with time. The envelope of oscillation of the energy dissipates with time while that of the Hamiltonian does not. Of course, the energy becomes the same as the Hamiltonian in case that the time dependence of the Hamiltonian disappears. The dissipated radiation energy converts to heat. From the analysis of biophoton signals, we can confirm that there is a non-exponential decay of the energy of photons. Such decaying property of the energy follows Eq. (7) which is a somewhat complicated form. Biophotons are the only objects that exhibit such relaxation behavior over time as far as we know. For a sufficiently large t, the energy decreases in a way that it is proportional to the inverse of (1 + λ 0 t) 2 . For experimental results and data
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which support this theoretical consequence, you can refer to Refs. [8, 9, 36, 42] . The analysis of photon energy based on the adiabatic invariant also gives the same results.
There is potential applicability of biophoton signals, emitting from cells and tissues of human beings and other biological systems, in many fields of technologies and scientific areas, as mentioned previously. In spite of extensive experimental literature concerning the emission of biophoton signals and their phenomenological features, theoretical aspects for this novel phenomenon are poorly understood currently [43] . At times, the lack of a complete and clear theory necessary for manipulating the experimental data leads to controversy. Most of the important consequences of experimental analyses associated with biophoton signals require a strong theoretical background in order to explain them on a general basis. This research provides a theoretical background for understanding the time behavior of biophoton signals. The theoretical concepts of biophoton systems are necessary for learning something new about the biophotonic emissions and the characteristics of emitted photons.
As a final remark, wave propagation in the neurons of a biological system takes place via the production of biophotons. It is worth paying special attention to the role of biophotons in cells due to their wide applicability even beyond the scope of biological science. Especially, it is expected that the characteristic of biophotons could be applied in implementing quantum information science such as quantum computing [20, 31] . This paper clarifies the time behavior of biophoton signals on the basis of Hamiltonian dynamics which describes phenomenological aspects of biophotons.
